Introduction 46
Biofilms are sessile communities of interacting microbes that are embedded in a 47 matrix dominated by extracellular polysaccharides (EPS) that holds bacteria in place [1-48 4]. For infections, being in a biofilm confers advantages on the constituent bacteria by 49 helping them resist antibiotics and evade the immune system [5] [6] [7] [8] . Pseudomonas 50 aeruginosa, is an opportunistic pathogen that forms biofilms in many scenarios: in the 51 lungs of patients with Cystic Fibrosis and Chronic Obstructive Pulmonary Disease; in aeruginosa single cells that were each ~500 m away from the corresponding aggregate 145 (Fig 1) . Single-cell regions were displaced from their corresponding aggregate in a 146 direction perpendicular to the direction of media flow, so that the aggregate and single-147 cell region were at the same distance from the media inlet, and therefor were in areas 148 with approximately the same concentration of growth resources such as carbon source, 149 oxygen, and iron, and of metabolic byproducts. A displacement of ~500 m subtends 150 approximately 10% of the width of the ~5mm flow channels and is ~10× greater than ~10 151 m aggregate diameter. This was chosen to achieve spacing between observed regions 152 such that the single-cell region was far from, and unperturbed by, the aggregate, but the 153 perpendicular distance from either region to the wall of the flow cell was not materially chamber throughout the experiment. At each position of interest, Z-stacks were taken 173 every 1.5 hours for the first 9 hours of biofilm growth.
174

Data Analysis
175
Images were processed using ImageJ (National Institutes of Health, USA). For 176 coculture experiments, the first step in processing was to account for bleed-through of the 177 S. aureus fluorescence into the P. aeruginosa images by subtracting the yellow S. aureus 178 channel from the green or red P. aeruginosa channel. Next, images containing 179 aggregates were cropped manually to separate aggregates and their descendants from 180 single cells and their descendants. P. aeruginosa biomass at time=0 (N 0 ) and time=9 (N) 181 hours was then determined by Matlab (MathWorks, USA) using software code that we 182 wrote for earlier work [22, 27] .
We then calculated N/N 0 for the P. aeruginosa aggregate and N/N 0 for ( 0 ) 184 the P. aeruginosa single cells for each pair of images. Thus, one aggregate ( 0 ) 185 is associated with one area of single cells ~500 m away, and these regions are paired 186 for analysis. The relative fitness was calculated as the ratio (
Thus, a relative fitness greater than one indicates that aggregates are fitter than 189 single cells, a relative fitness less than one indicates that single cells are fitter than 190 aggregates, and a relative fitness of one indicates no fitness difference between 191 aggregates and single cells. 193 We checked for statistically significant differences between two data sets using 194 the two-tailed Student t-test. For comparison of a data set to unity, we used the one-195 sample t-test, where the value for the null hypothesis was 1. We take p-values ≤ 0.05 to 196 indicate statistical significance, and p-values are indicated above each bar on plots as 197 (*) p ≤ 0.05, (**) p ≤ 0.01, (***) p ≤ 0.001, or (ns) p > 0.05.
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Statistics
198
Results
199
Co-culture with S. aureus increases the fitness of P. In this subsection, we assess the effect of co-culture with S. aureus and the effects 203 of net cell density on the growth of P. aeruginosa aggregates and of P. aeruginosa single 204 cells. For the experiments discussed in this sub-section, the ratio of P. aeruginosa to S. 205 aureus in the co-culture innocula, as measured by the OD of each culture before mixing, 206 was held constant at a nominal 1:1. By varying the total cell density (P. aeruginosa + S. 207 aureus) of the inoculum to correspond to ODs of 0.1 (high), 0.01 (medium) and 0.001 208 (low), we varied the seeding density of single cells and thus the level of competition for 209 growth resources on the coverslip surface of the flow cell [22] . We also seeded with 210 monoculture innocula consisting of P. aeruginosa alone at ODs of 0.1 (high), 0.01 211 (medium) and 0.001 (low), which largely corresponds to the competition measurements 212 done in our previous work [22] ; the primary difference is that, in the present experiments, 
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In monoculture, we find that aggregates of P. aeruginosa grow better than single 216 cells of P. aeruginosa at high cell density; aggregates grow worse than single cells at low 217 cell density; growth of aggregates and single cells is comparable at medium cell density.
218
These finding agrees with our earlier publication showing that P. aeruginosa aggregates 219 can have a competition-dependent growth advantage over P. aeruginosa single cells [22] . 220 We also find that co-culture with S. aureus does not harm the growth of P. aeruginosa 221 ( Fig 2) . Indeed, co-culture with S. aureus slightly benefits P. aeruginosa growth, although 222 in most cases the increase in growth is not statistically significant (Fig 2) . The growth of aggregates (in green) is measured separately from the growth of single 228 cells. The growth of P. aeruginosa aggregates is greater when S. aureus is present in 229 co-culture, but the difference in growth rate is only statistically significant in one case, at 230 low OD (OD=0.001). The growth of P. aeruginosa single cells is marginally greater when 231 S. aureus is present in co-culture, but these differences are not statistically significance.
232
Error bars are standard error of the mean.
233
However, we find that co-culture with S. aureus enhances the growth of P. 234 aeruginosa aggregates more than it enhances the growth of single cells. At high and 235 medium cell density, in co-culture with S. aureus, the growth of P. aeruginosa aggregates 236 is greater than the growth of P. aeruginosa single cells and these differences are 237 statistically significant; at low cell density, in co-culture with S. aureus, the growth of P. 238 aeruginosa aggregates is greater than the growth of P. aeruginosa single cells but this 239 difference is not quite statistically significant (Fig 3) . The fitness advantage of aggregates 240 over single cells is not statistically different for the three cell densities studied, and thus 241 does not depend on competition (Fig 3) . This is strikingly different from our earlier work, 
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Our previous work has shown that under monoculture conditions, P. aeruginosa 260 multicellular aggregates are more fit than corresponding single cells at high levels of 261 competition for nutrients (where cell density is a proxy for competition) [22] . Thus, our 262 results with coculture could be explained if S. aureus were simply a better competitor for 263 resources than P. aeruginosa. To investigate this possibility, we grew S. aureus in 264 monoculture, both as planktonic cells in shaking culture and in the biofilm mode in a flow 265 cell. We monitored bacterial growth under both conditions. Under planktonic monoculture 266 conditions, we find that S. aureus does not grow well in M9+glucose medium 267 ( Supplementary Fig 1A) . This contrasts with monocultures of P. aeruginosa grown under 268 the same conditions, which display typical growth dynamics with entry into the exponential 269 phase approximately 20-30 hours after innoculation. In flow cells with M9+glucose 270 medium, S. aureus cultures also display poor growth and very little biofilm even after 12 271 hours of growth ( Supplementary Fig 1B) . Thus, we conclude that it is unlikely that a 272 poorly-growing culture of S. aureus would be a better competitor for resources than 273 heartily-growing P. aeruginosa, and therefore that the dependence of aggregate relative 274 fitness on local S. aureus does not arise from competition.
275
Thus, we find that co-culture with S. aureus increases the relative fitness of 276 multicellular aggregates of P. aeruginosa and erases the dependence of relative fitness 277 on competition that characterizes the monoculture system.
278
The relative fitness of P. aeruginosa aggregates depends on 279 the local ratio of S. aureus to P. aeruginosa 280 To explore the role that S. aureus plays in the relative fitness of multicellular 281 aggregates of P. aeruginosa, we varied the initial sample-wide ratio of S. aureus to P. aureus. We find that the relative fitness of aggregates does not depend on the sample-289 wide ratio of the two species.
290
To assess how the relative fitness of P. aeruginosa aggregates depends on the 291 local concentration of S. aureus, for each field of view (roughly 250 m x 250 m), we 292 measured the initial S. aureus biomass and the initial P. aeruginosa biomass to determine 293 the initial local ratio of S. aureus to P. aeruginosa; only single cells in the fields of view 294 were used for these measurements. We then binned the resulting relative fitness of P. 295 aeruginosa aggregates according to the initial local ratio of S. aureus to P. aeruginosa, 296 with bins as follows: P. aeruginosa : S. aureus < 1; 1 < P. aeruginosa : S. aureus < 10; P. 297 aeruginosa : S. aureus > 10 ( Fig 4) . We find that when initial local concentrations of S. 298 aureus > P. aeruginosa, the average relative fitness of aggregates is 2.5 ± 0.4. When the 299 initial local concentrations are such that S. aureus ~ P. aeruginosa, the average relative 300 fitness is 1.8 ± 0.3. These values for relative advantage are both statistically significant.
301
When the initial concentrations of S. aureus < P. aeruginosa (i.e. when approaching a 302 monoculture of P. aeruginosa) there is no statistically-significant relative fitness 303 advantage for aggregates. Thus, we find that the relative fitness of P. aeruginosa 304 multicellular aggregates depends on the initial local ratio of the two species, increasing 305 as the local population contains a higher proportion of S. aureus than P. aeruginosa. 
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If S. aureus were producing a factor harmful to P. aeruginosa, from which 312 aggregates are better-protected than single cells, we would expect P. aeruginosa growth 313 in co-culture to be slower than growth in monoculture. On the contrary, we find that P. 314 aeruginosa in co-culture grows as fast or faster than P. aeruginosa in monoculture, for all 315 cases examined (Fig 2) . 316 Thus, our results indicate that P. aeruginosa aggregates are able to better obtain 317 some benefit from S. aureus than are P. aeruginosa single cells, and that the benefit 318 obtained depends on the local concentration of S. aureus. Because the intrinsic 319 disadvantage of aggregates that we found in our earlier work, namely that cells in the 320 aggregate interiors have very limited access to growth substrate and therefore grow very 321 slowly [22] , should still be present in this system, we infer that the benefit obtained from WT cultures. Therefore, we conclude that Psl is the most important EPS factor for causing 334 P. aeruginosa to aggregate.
335
To investigate the role that Psl may play in the relative fitness of P. aeruginosa 336 aggregates and single cells, we performed flow cell coculture experiments with a strain, 337 PAO1 pel, which does not produce the EPS Pel. Because there is overlap in the 338 substrates and cellular machinery used for Pel and Psl production [29], we expect that 339 pel should make more Psl than the wild-type (WT); this is supported by our earlier study 340 ( Fig 6 in [28] ). For pel aggregates compared with pel single cells, we found a relative 341 fitness of 0.6 ± 0.15 for medium initial density (OD~0.01). Thus, the relative fitness found 342 for WT aggregates vanishes and pel aggregates are less fit than pel single cells. This for both WT and pel. We find that is greater for pel than for WT for both 0 349 aggregates and single cells ( Fig 5) ; thus, both aggregates and single cells have increased the null hypothesis that the relative fitness for the paired data are the same.
362
Thus, the ability to benefit from S. aureus that are nearby in space is also 363 associated with a spatially-localized property, the amount of Psl near cells.
364
The relative fitness of aggregates in co-culture is linked to low 365 iron content in the environment 366 Iron is an essential micronutrient for growth of P. aeruginosa [30, 31] . All the flow that Psl remains closely associated with the cells that produce it [33] . Therefore, we 375 hypothesize that Psl-bound iron may stay with the Psl producer and be more easily concentrations of chelator, we find that aggregates are fitter than single cells (Fig 7) . At 408 low chelator concentration, the relative fitness of aggregates is comparable to that with 409 no chelator present (Fig 2) . At high chelator concentration, aggregate advantage over 410 single cells increased by ~90% for high inoculation density, and by ~30% for medium 411 inoculation density (Fig 7) . Increasing iron chelator is equivalent to decreasing the available iron. Thus, these 420 findings are consistent with aggregates being better able to acquire and use iron for 421 growth when iron is a scarce resource, as we also inferred from the data shown in Fig 6   422 in the previous subsection. To probe this more deeply, we examine the absolute fitness Surprisingly, we found that S. aureus fitness is unchanged by proximity to an 453 aggregate of P. aeruginosa (Fig 8) . This was true for all initial cell densities, and all initial 454 ratios of the two species, except at moderate inoculation density where the S. aureus 455 fitness is actually higher next to a P. aeruginosa aggregate. These results imply that 456 multicellular aggregates do not have an advantage in lysing nearby S. aureus and thereby 457 releasing iron. 
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P-values were calculated for the null hypothesis that relative fitness of S. aureus is 1, and 462 are indicated above each bar.
Since killing of S. aureus by P. aeruginosa does not appear linked to the relative 464 fitness of P. aeruginosa aggregates, we also investigated whether the benefit provided 465 by S. aureus requires living activity on the part of S. aureus. For this, we killed S. aureus 466 using heat and then inoculated, imaged, and measured the relative fitness of P.
467
aeruginosa aggregates as before. Under these conditions, the relative fitness of P.
468
aeruginosa is reduced and is no longer statistically significant (Fig 9) This suggests that 469 active production and release of a factor by S. aureus is important for conferring a fitness 470 advantage to P. aeruginosa aggregates [35] [36] [37] . Thus, we conclude that P. aeruginosa aggregates are better able than P. 481 aeruginosa single cells to utilize a benefit that matters when the availability of iron is low, 482 that originates from S. aureus, and that increases with the local density of S. aureus.
483
However, the disproportionate benefit to aggregates is not due to aggregates being more 484 adept at killing nearby S. aureus, and likely requires the production of an active factor by 485 S. aureus. S. aureus is known to produce siderophores that bind iron [35] [36] [37] . Therefore, 486 we hypothesize that P. aeruginosa aggregates are better able to acquire iron from S. 487 aureus siderophores than are P. aeruginosa single cells, and that this may be linked to 488 the ability of the EPS Psl to bind iron. This hypothesis will be the subject of future 489 investigation, with further considerations described below. The finding that increased Psl production benefits single cells more than 507 aggregates ( Fig 5) that also led to greater tendencies to aggregation. Such aggregative tendencies could 515 also have promoted the development of additional group benefits associated with P. 516 aeruginosa aggregates and biofilms [25] . Because we find that the iron-associated growth 517 benefit for aggregates does not depend on the density of P. aeruginosa competitors for 518 growth resources, there is no reason to believe that spatial structure is a major driver for 519 this interaction. This is strikingly unlike our earlier finding for P. aeruginosa monoculture, 520 in which competition and the spatial structure of both aggregates and the environment 521 are essential to the growth advantage for aggregates [22] . Releasing the requirement for 522 spatial structure greatly broadens the range of natural scenarios in which the aggregate 523 growth advantage could provide a selective advantage on which evolution might act.
524
Implications for biofilm disease 525 In addition to being a more realistic representation of natural environments, 526 polymicrobial systems account for most pathogenic infections [40] [41] [42] [43] [44] . P. aeruginosa and 527 Staphylococcus aureus are widespread co-pathogens in wounds, catheters, implants, 528 and in the cystic fibrosis lung [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] . Interspecies interactions, including those between 529 P. aeruginosa and S. aureus, can strongly impact clinical outcomes [45, 48, [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] .
530
Therefore, better understanding of the ecology of P. aeruginosa + S. aureus systems is 531 likely to lead to better treatments of polymicrobial infections.
532
For instance, our work suggests that high Psl production could contribute to fitness 533 by promoting iron acquisition. This might contribute to the evolutionary trend toward 534 higher Psl production that is recently being recognized for chronic infections in cystic 535 fibrosis [68-71]. We have recently suggested that Psl may confer a mechanical fitness 536 benefit on biofilm infections, by increasing their elasticity, yield stress, and toughness, 537 and perhaps thereby hindering breakup by phagocytosing neutrophils [28] . Better iron 538 acquisition would be a chemical and metabolic advantage of Psl production that 539 complements and is orthogonal to its effects in increasing mechanical robustness. 
